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The transformation properties of MnAs are studied
by magnetization measurements in external mag-
netic fields up to 250 kOe and by neutron diffraction
measurements between 4.2 and 400 K. The results
are used to propose a qualitative explanation of the
phase transitions in this compound.

The peculiar and apparently unique phase transi-
tions in MnAs' are, although certainly recognized
among solid state specialists, perhaps not commonly
appreciated outside this limited sphere. A probable
reason for this lack of general appreciation is that the
theoretical understanding of the behaviour of MnAs
is rather poor.

The object of this communication is to present a
qualitative basis for a theoretical model for the
transition properties of MnAs, using fresh experi-
mental results as well as facts summarized in Ref. 1.

EXPERIMENTAL

The samples were prepared as described in Ref. 2,
their homogeneity being ascertained from powder
X-ray (Guinier) photographs. Experimental details
concerning the pulsed field magnetization measure-
ments and the neutron diffraction measurements are
given in Refs. 1 and 3. :

RESULTS

Near room temperature MnAs [like the Mn-rich
Mn, _, T,As (T: V, Cr, Fe, or Co) samples discussed
in Ref. 1] exhibits, as shown in Fig. 1, a first-order
phase transition between ferromagnetic and para-
magnetic states with NiAs and MnP type structures,
respectively. This combined crystallographic and
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magnetic transition (conveniently abbreviated® as
NiAs,F —-MnP,P for increasing temperature) is
only quasi-reversible, as demonstrated by the
hysteresis loop in Fig. 1. The Curie temperatures
for increasing (T ;) and decreasing (T 4) tempera-
ture in Fig. 1 are slightly higher than the values
Te;=317 K and T,=306 K obtained in weak
sinusoidal fields. This discrepancy is a consequence
of the experimental conditions which give rise to
the magnetocalorimetric effect outlined in Ref. 1.
The maximum magnetocalorimetric effect occurs
in the vicinity of 7- and amounts to AT~ 10 K. Apart
from supplementary measurements with other tech-
niques, no attempt has been made to correct the
present data for this deficiency.

Several parallel evidences suggest that the NiAs,F
type state of MnAs should be assigned a substan-
tially higher Curie temperature than expressed
above:
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Fig. 1. Magnetization versus temperature for MnAs
at 7 kOe (solid curves); magnetization increment
versus temperature at the metamagnetic transition
above T ; (broken curve).
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(i) The magnetization increment (AM) at the
metamagnetic transition above T¢; (Fig. 1) joins
nicely to the magnetization [M(T)] curve. The
AM(T) curve gives an extrapolated Curie tempera-
ture (T¢ exer) Of ~360 K.

(ii) The relative magnetization (M/M, ) for the
NiAs,F type state of MnAs is known from magnet-
ization* and neutron diffraction (vide infra) meas-
urements. Assuming that MnAs behaves like a
typical ferromagnet (say Fe or Ni) T¢,,, =360 K
would result, whereas the extrapolation of M/M,, ¢
according to a Brillouin function gives a slightly
higher value.®

(iii)) The Clausius-Clapeyron equation may be
used to predict that maximum values of the
transition fields Hr and Hp should be found close to
the Curie temperature. The maxima in Hy and H,
(Fig. 2) occur at 360 and 365 K, respectively.

(iv) In an attempt to account for the thermo-
dynamic properties of MnAs, Grenvold et al.®
concluded that it was necessary to assume incom-
plete spin randomization above T ;. The observed
MnP,P=NiAs,F type transition can be looked
upon as composed of two hypothetical transitions
of the types MnP,P—=NiAs,P and NiAs,P=NiAs,F.
The splitting of the total energy into the contribu-
tions from these two processes is difficult to assess
on an experimental basis. However, extrapolation
of the data of Grenvold et al.® suggests that the
internal energy of the MnP,P type state lies be-
tween the energies of the NiAs,P and NiAs,F type
states below ~ 360 K. The energy associated with the
hypothetical NiAs,P==NiAs,F type transition can be
estimated by means of the molecular field theory.®
It may be taken as a reasonable proof of selfconsis-
tency that To =T, =360 K and S=3/2 leads to
asomewhat higher transition energy than observed.®

The temperature versus applied magnetic field
phase diagram for MnAs in Fig. 2 has the same
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general appearance as those for Mn, _,T,As.! How-
ever, due to the fact that the NiAs,F type state
exists at H=0 kOe for MnAs, Fig. 2 is simpler
below T, than the corresponding diagrams in Ref.
1. The stability of the NiAs,F type state is also re-
flected in the shift of the phase borders Hp and H
to lower fields in MnAs. (The situation may be
illustrated by quoting the critical field Hp . (in
kOe) for a few samples: MnAs, 97; Mn, 44Crg o, As,
127; Mng 4,Crg o3As, 154; Mng o,Coq o3As, 176;
Mny 45Cog o5AS, >250.) This, together with com-
parison of Fig. 2 with Figs. 7— 10 of Ref. 1, serves
to emphasize that a pure, good quality sample is
required in any attempt to establish the intrinsic
properties of MnAs.

The neutron diffraction data show that on cooling,
MnAs retains the NiAs type crystal structure down
to 42 K. This is in complete accordance with
earlier findings (see Refs. 6 and 7), and there is no
evidence for a partial NiAs—MnP type transition
at ~160 K as was indicated in Ref. 8.

The value pp,,, =3.340.1 p, at 42 K obtained
by neutron diffraction corresponds well with that
(3.1 u,) obtained by magnetization measurements,
and is also reasonably consistent with the value
2Sun=3.610.2 derived for the NiAs,P type state
(using the “spin only” approximation). The tempera-
ture dependence of y ,,, over the interval 4.2—297
K follows nicely the Brillouin function for S=3/2
assuming a Curie temperature of 360 K, thus sup-
porting the conclusion drawn from the magnetiza-
tion data (vide supra). The present work concurs
with the results of Bacon and Street” apart from a
somewhat temperature-dependent deviation of the
moment from the direction perpendicular to ¢
(KF o1 MF e, Hr .1 are 3.31(10), 1.31(13), 3.03(11) and
2.46(16), 0.81(42), 2.32(20) at 4.2 and 298 K, respec-
tively; as derived by least squares profile refinement
of the neutron diffraction data; standard deviations
in brackets).

DISCUSSION

The present data shed new light on the peculiar
transformation properties of MnAs, which are
summarized in the bottom part of Fig. 3. In order
to illustrate our points, Fig. 3 also shows a sketch of
the temperature variations in the shortest (bonding)
Mn — As(averaged in MnP type state) and Mn —-Mn
distances. In addition, Table 1 gives a comparison
between the NiAs,P NiAs,F and MnP,P type states
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Table 1. Structural and magnetic parameters for real and hypothetical states of MnAs at 4.2 and 298 K.
(NiAs and MnP type structures are referred to space groups P6,/mmc and Pnma, respectively. Extrapola-
tions are based on data from Refs. 1, 2, 10—12, 15, 17-19.)

Structure type NiAs MnP
Temp. Conc. Temp. Conc.
T (K) 42 298 extrap.  extrap.; extrap. extrap.;
to 298 42 to 298 298
a (A) 3.730 3.722 3.672 5.566 5.704 5.695
b (A) 3.498 3.655 3.644
c (A) 5.668 5.702 5.691 6.164 6.365 6.329
Xvn 0.0003 0.005 0.0045
Zvn 0.2141 0.222 0.2160
Xas 0.1963 0.224 0.2196
Zaa 0.5828 0.582 0.5774
(Mn—As),, (A) 2.578 2.579 2.553 2.498 2.56 2.560
Mn—Mn (A) 2.834 2.851 2.846 2.815 2.87 2.883
Mn—Mn (A) 3.730 3.722 3.672 3.24 337 3.27
2Sw,, Magn. state 32(av.), F* 25, F¢ 36,P 19,H® “low spin”, P “low spin”, P

“Magn. moments 67° (4.2 K) and 71° (298 K) off ¢; T¢ .. = 360 K.
Pa=54°, ¢="75°, B=90"° (fixed); Ty~ 210 K (Refs. | and 19).

at 298 K and the NiAs,F and MnP,H type states at
4.2 K, including data extrapolated according to
temperature or concentration.

The situation in the NiAs,P type state may
conveniently be chosen as the starting point for the
following brief considerations. At, say, 600 K the
atomic arrangement of MnAs is of the “typical”
NiAs type with two short Mn—Mn distances of
290 A along the hexagonal axis and six longer
Mn—Mn distances of 3.70 A within the basal
plane. As the temperature is lowered towards 400 K,
these distances, as well as the Mn—As distances,
decrease slightly. At 393 K the structure changes to
the MnP type, and a marked shrinkage of the
second shortest Mn—Mn distance is observed as
the temperature is lowered to ~ 320 K.

The driving force of the NiAs—MnP type trans-
formation is considered to be the “strive” to establish
four close metal —metal contacts.'®> The bonding
nature of these metal—metal contacts is still es-
sentially unknown. The transformation from NiAs
type to “idealized” MnP type structure [Ref. 13;
inter alia characterized by four (2+2) short metal —
metal distances of virtually equal lengths] proceeds
continuously over an appreciable temperature inter-
val which amounts to ~200 K in MnAs, (P, , !*
and ~ 500K in Mn, oFe, ,As.!* Fig. 3 indicates that
the stability range (~ 70 K) of the MnP type struc-
ture is much too narrow to obtain the “idealized”
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MnP type atomic arrangement for MnAs.

When the temperature is lowered to ~310 K, the
atomic arrangement of MnAs converts back to the
NiAs type. The driving force of this transformation
is almost certainly the magnetic exchange interac-
tions. Due to the marked dissimilarity between the
two pairs of short Mn—Mn distances (2.86 versus
~3.3 A), the exchange interactions corresponding
to the closest Mn—Mn contacts will dominate.
Hence, the structural rearrangement to the NiAs
type is a natural consequence of this imbalance.

The fact that T, is substantially higher than
the observed transformation temperature (~310—
~320 K), may be explained by the competition
between the two direct magnetic exchange paths.
The extrapolated Néel temperature for the hypo-
thetical MnP,H type mode of MnAs is ~210 K.!
The NiAs,F and hypothetical MnP,H type modes
have in common notable similarities in magnetic
arrangements, since the spin directions are (ap-
proximately) perpendicular to a common direction
in the two structure types (cnias and aymp). As seen
from Table 1, there is a dissimilarity between the
shortest and the second shortest Mn — Mn distances
also in the hypothetical MnP,H type mode of
MnAs.

In complete accordance with our neutron diffrac-
tion results, the temperature dependence of the
Mn — As and Mn —Mn distances gives no evidence
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Fig. 3. Structural changes with temperature in MnAs quoted from Ref. 1. Temperature dependence of
Mn - As (averaged for MnP type) and Mn—Mn distances according to this study and data from Refs.

9—12. up versus T as observed by neutron diffraction.

for the indicated,® partial NiAs,F—»MnP,H type
transition at ~ 160 K. Such a transition can, how-
ever, be induced by the application of a compara-
tively small external pressure !® or by small substi-
tutions of another transition metal for Mn.'-17 719
The fact that the application of an external pressure
on MnAs is able to decrease the second shortest
Mn—Mn distance, is consistent with expectation,
and the pressure induced MnP,H mode!® thus
provides additional support for the above con-
siderations.
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